We have initiated immunological and drugbinding studies on the tubulins from different higher plant species. Antibodies were raised against electrophoretically separated rose (Rosa sp.) tubulin a-and ,&subunits and characterized by immunoblot autoradiographic assays. Each IgG preparation bound to its antigen and cross-reacted differentially with the respective tubulin subunits from an alga, sea urchin, rabbit, and cow. Antigenic determinants were shared more among the 13-subunits than among the a-subunits from these organisms. Tubulins were isolated from cultured cells of carrot (Daucus carota) and hibiscus (Hibiscus rosa-senensis). Immunoautoradiography and quantitation of cross-reactivity on blots showed nonidentity among homologous subunits from rose, carrot, hibiscus, and alga tubulins, with more antigenic differences among a-subunits than among 13subunits. Comparative colchicine-binding assays showed that rose and hibiscus tubulins bound 33% and 65%, respectively, of the colchicine bound by carrot tubulin and that higher plant tubulins bound much less colchicine than bovine brain tubulin under identical conditions.
Higher plant microtubules participate in a variety of cellular functions including chromosome migration during mitosis, cell plate formation in cytokinesis, organelle transport, and orientation of cellulose microfibril deposition in developing cell walls (1) . The main structural component of microtubules is tubulin, a conserved heterodimeric protein having a molecular weight of 100,000 (2) (3) (4) and composed of one asubunit and one 3-subunit (Mr, -50,000 each). Antibodies raised against animal tubulin have been shown to bind to tubulin-like components of plant cell extracts (5, 6) and to decorate microtubules by indirect immunofluorescence (7, 8) or immunogold staining (9) . This cross-reactivity of animal tubulin antibodies has suggested that plant and animal tubulins are immunologically similar. However, quantitative immunological differences have been shown to exist not only between the tubulins from different vertebrate species (10) but also between the tubulins in different organelles from a given species (11) . Comparative peptide mapping studies on the aand 83-subunits of tubulins from taxonomically distant species have revealed dramatic structural differences between the a-subunits from plants and animals (12) (13) (14) (15) . Furthermore, the resistance of plant microtubules in cells to several well-characterized antimicrotubule agents such as colchicine has implied that plant and animal tubulins have different pharmacological properties (1, 16) .
Because higher plant tubulin was not isolated until recently, little is known of its immunological and biochemical properties. As a consequence, we do not know the degree to which higher plant tubulins conform to the model for tubulin structure that has arisen from studies of mammalian brain tubulin. Recently, we developed a method for the isolation of tubulin from cultured rose cells (13) . We report here that (i) pure IgG preparations from antisera raised to rose tubulin subunits cross-react to varying degrees with tubulin subunit polypeptides from an alga, sea urchin, rabbit, and cow, (ii) tubulins isolated from different higher plants are immunologically nonidentical, and (iii) the amount of colchicine bound by each plant tubulin not only is different but also is much lower than that bound by bovine brain tubulin.
MATERIALS AND METHODS
Plant Cell Suspension Cultures. Suspension cultures of rose (Rosa sp. cv. Paul's scarlet) were derived from stem explants (17) and grown as described (13, 18) . Suspension cultures of carrot (Daucus carota) and hibiscus (Hisbiscus rosa-senensis) were initiated from root callus (from D. Radin, University of California, Irvine) and leaf callus (from F. Hoffman, University of California, Irvine), respectively. Carrot and hibiscus suspension cultures were grown in medium containing Murashige and Skoog salt formulation (19), 2,4-dichlorophenoxyacetic acid (1 mg/liter), and sucrose (30 g/liter). Carrot medium was supplemented with thiamine (0.4 mg/liter)/i-inositol (0.1 mg/liter) and adjusted to pH 5.7; hibiscus medium contained benzyl aminopurine (2 mg/ liter)/naphthalene acetic acid (2 mg/liter) and was adjusted to pH 5.6. All suspension cultures used in these studies were transferred to fresh medium at 14-day intervals and were grown in the dark at 22-24°C on gyratory shakers. Only cells in exponential growth phase (days 4-7) were used in tubulin isolation.
Purification of Tubulins. Tubulins from cultured higher plant cells were isolated as described (13) with the following modifications. Cells chilled to 4°C were washed with cold isolation buffer containing 50 mM Pipes KOH, pH 6.9/1 mM EGTA/0.5 mM MgCl2/1 mM dithiothreitol/5 ,uM leupeptin hemisulfate (Sigma)/5 ,uM pepstatin A (Sigma)/10 mM diethyldithiocarbamic acid (Sigma). Cells were homogenized in isolation buffer containing 2 mM GTP (lithium salt; Calbiochem), and the additions of DNase I and RNase were eliminated. After filtration and centrifugation, the 48,200 x g supernatant was gently swirled in a flask containing DEAESephadex A50 at a ratio of 0.15 ml of ion-exchange resin per ml of supernatant for 30 min at 4°C in the dark. Protein-containing fractions were eluted with step gradients of KCl as described (13) , and fractions A and B were collected by (NH4)2SO4 precipitation at 85% of saturation; fraction C was collected at 50% of saturation. Precipitates were dissolved in 1 ml of isolation buffer containing 1 M sucrose/0.02% NaN3/0.1 mM GTP (sucrose isolation buffer) and dialyzed versus 1 liter of sucrose isolation buffer for 10 hr at 4°C. (20) and Weisenberg and Timasheff (21) as modified by Lee et al. (22) , except that the MgC12 precipitation step was eliminated. Tubulin (NH4)2SO4 precipitates were dialyzed (peptidase inhibitors were omitted), clarified by centrifugation, and stored as described for plant tubulins. Tubulin was .91% pure (23) . Rabbit brain tubulin was purified from freshly dissected cerebra of New Zealand White rabbits by two cyclic rounds of microtubule polymerization and depolymerization using the method of Sloboda et al. (24) . Microtubule pellets were NaDodSO4/Polyacrylamide Gel Electrophoresis. All proteins in these studies were separated on NaDodSO4/7.5% polyacrylamide slab gels having a thickness of 0.8 mm based on the method of Studier (25) , with modifications as described (13) . Gels were stained overnight with 0.025% Coomassie brilliant blue R-250 in 5% methanol/7.5% acetic acid.
Protein Determinations. Protein dye-binding (26) was used to determine protein concentrations and bovine serum albumin (fraction V, Sigma) was used as a standard. However, this spectrophotometric assay (Bio-Rad) yields absorbance values of bovine serum albumin solutions that are -2.1 times higher than those obtained from several other gravimetrically determined proteins in solution (Bio-Rad Instruction Manual). For this reason, we determined the extent to which the use of bovine serum albumin standards in dye-binding assays underestimates tubulin in solution. Bovine brain tubulin was dialyzed extensively against distilled water and lyophilized. Gravimetrically determined amounts of lyophilized tubulin were run on gels along with quantities of tubulin as estimated by the dye-binding method. Stained gels containing both series of tubulins were scanned with a densitometer, and standard curves constructed from areas of a-and /3-subunit peaks showed linearity for loadings of 0.5-3 ,ug of lyophilized tubulin per lane. Comparison of standard curves from each tubulin series showed that the dye-binding method underestimates tubulin by a factor of 2.04 when bovine serum albumin is used as a standard protein. Thus, tubulin concentrations measured by the Bio-Rad assay were adjusted upward by this amount.
Preparation of Antibodies. Polyclonal antibodies to the individual subunits of rose tubulin were prepared in rabbits. Tubulin was run on 9.25% polyacrylamide slab gels (13, 25) ; gels were stained in 0.2% Coomassie blue in 50% methanol for 30 min and destained in 5% methanol for 15 min. Electrophoretically separated a-and,3-subunit bands were excised, and polypeptides were electroeluted into dialysis tubing and precipitated with acetone. Each subunit precipitate (100 ug) was emulsified in phosphate-buffered saline and complete Freund's adjuvant and injected subcutaneously at the shoulders and haunches of a different female New Zealand White rabbit using :12.5 Mg per site. Rabbits were injected with the same antigen preparations at the same sites 2 weeks later. Four intradermal booster injections of -10 ,ug per site were given at 2-week intervals using subunits in diced polyacrylamide gel bands emulsified in phosphate-buffered saline and incomplete Freund's adjuvant. Rabbits were bled at 2-week intervals, titers of sera were tested by immunoblotting (27) , and antisera with the highest titers were pooled. The immunoglobulin fraction of each antiserum was isolated by (NH4)2SO4 precipitation and purified by DEAE-cellulose (Cellex D, Bio-Rad) chromatography according to the batch method of Hudson and Hay (28) . Preimmune serum taken from each rabbit prior to antigen injection was used for control studies.
Immunoautoradiography. Tubulin samples from different organisms were run on NaDodSO4/7.5% polyacrylamide slab gels and transferred to nitrocellulose filters by electroblotting (27) at 0C for 2.5 hr. Electroblotted gels were stained overnight with Coomassie blue to verify that tubulin subunits were completely transferred. Filters were closed in sealable plastic bags along with a solution of 1% bovine serum albumin/10 mM Tris HCl, pH 7.4/5 mM EDTA/0.15 M NaCl/0.02% NaN3 (solution A) and agitated for 30 min at room temperature. IgG was then added to desired final dilutions and filters were rotated slowly at 370C for 16 hr. Preimmune serum for each antigen was used at the same dilutions as IgG. Filters were washed with three changes of 25 ml of 10 mM Tris HCl, pH 7.4/5 mM EDTA/0.15 M NaCl (solution B) at room temperature. Five milliliters of solution A containing 4 x 106 cpm of 125I-labeled Staphylococcus aureus protein A (7.99 gCi/,ug; 1 Ci = 37 GBq; New England Nuclear) was added to bags and filters were rotated at 370C for 2 hr. Filters were removed from the bags and washed with two changes of solution B (200 ml) for 2 hr at room temperature. Filters were dried between sheets of chromatography paper, covered with SaranWrap, and exposed to Kodak X-Omat AR x-ray film on DuPont Cronex Lightning
Plus intensifying screens at -80'C for 2-4 hr.
Colchicine-Binding Assays. The colchicine-binding reactions of rose, hibiscus, carrot, and bovine brain tubulins (4.6-4.9 ,uM) were assayed by the gel filtration method (20) as modified by Detrich et al. (29) . The molecular weight of tubulin was assumed to be 100,000 (2) (3) (4) (13) , and antisera were raised in rabbits against the electrophoretically separated a-and /3-subunits. IgGs from each antiserum were purified by DEAE-cellulose chromatography and their binding specificities were examined on nitrocellulose blots by immunoautoradiography. Each IgG preparation bound to its respective subunit antigen on blots without cross-reaction with the other subunit (Fig. 1) . Neither the a-nor the p-subunit preimmune serum reacted with tubulin subunits, indicating a minimum of nonspecific binding.
When each IgG was used at a dilution of 1:100, the autoradiographic band intensity produced by the a-subunit IgG (a- The cross-reactivity of antibodies raised against animal tubulin with tubulin-like factors in plant extracts (5, 6) and with microtubules in plant cells (7) (8) (9) variability among the a-subunits than among the /3-subunits ( Fig. 2A) (Fig. 2B) . Even after prolonged exposure of autoradiographs, no reactivity was observed with the mammalian a-subunits, which indicates that the low level of cross-reactivity with sea urchin asubunits was not due to nonspecific binding. When /3-IgG was used to reprobe the same blot, it cross-reacted strongly with the alga /B-subunit and at low and similar levels with all the animal B-subunits (Fig. 2C) .
IgG Reactivities with Different Plant Tubulins. A modified version of the DEAE-chromatographic procedure to isolate plant tubulin (13) was used to isolate tubulins from cultured cells of carrot (D. carota) and hibiscus (H. rosa-senensis). Analysis of the supernatants and step-gradient fractions by NaDodSO4/7.5% polyacrylamide gel electrophoresis showed that proteins eluting in the 0.4-0.8 M KCl step (fraction C) of both carrot and hibiscus were highly enriched for two tubulin-like polypeptides of equal concentration that comigrated with the a-and /subunits of rose tubulin (Fig. 3) with 40 ,uM taxol at 240C (13, 30) . Abundant microtubules were formed as revealed by increased turbidity at 400 nm (31) and electron microscopy of negatively stained samples (data not shown). Quantitative densitometry of fraction C tubulins run on NaDodSO4/7.5% polyacrylamide gels gave purities of 85% for rose tubulin and 90% for both carrot and hibiscus tubulins.
The cross-reactivities of rose tubulin IgGs with carrot, hibiscus, and alga tubulins were examined on blots by immunoautoradiography (27) . Fig. 4 shows that the a-IgG and IgG reacted with the corresponding tubulin polypeptides from each plant. The amount of cross-reactivity of a-IgG appeared to be more variable between the different species than that of the /3IgG. Furthermore, staining of the blotted gels showed this was not the result of differential electrophoretic transfer of the proteins to the nitrocellulose filters.
Quantitative comparisons of the cross-reactivities of the rose IgGs with plant tubulin subunits were made by cutting the radioactive bands from probed nitrocellulose blots and counting gamma radiation. Table 1 shows that the amount of radioactivity bound to the a-subunits was, in fact, more variable than that bound to the /3subunit. Surprisingly, more cross-reaction was seen with the a-subunit of the alga than with that of hibiscus, a higher plant.
Plant Tubulmi Colchicine Binding. It has not been shown previously whether the resistance of plant microtubules to (4.9 uM) was incubated with 0.29 ,uM [3H]colchicine in sucrose isolation buffer at 24°C for 2 hr. Colchicine-tubulin complex was separated from unbound coichicine by gel filtration. The sample (1 ml) was applied to a column containing Sephadex G25-fine (1.6 cm x 11 cm) equilibrated with isolation buffer. Fractions of 0.5 ml were collected at a flow rate of 0.5 ml/min. Fractions 1-30 and every 10th fraction thereafter were analyzed for protein and radioactivity. Aliquots of 100 ,ul were used for protein assays (26) , and the remaining 400-,ul samples were added to 10 ml of Hydrofluor (National Diagnostics, Somerville, NJ) and assayed on a Beckman LS-230 liquid scintillation spectrophotometer. *, Corrected values of radioactivity; o, corrected values for protein. Gel filtration assays of colchicine binding of tubulins from rose, hibiscus, carrot, and bovine brain were carried out as described in the legend to Fig. 5 . Determination of radioactivity bound to tubulin for each assay was made with a curve integration program on an Apple II computer and is expressed in mol of colchicine bound per mol of tubulin.
colchicine is due to low binding affinities of plant tubulin for colchicine or to any of several other modes of resistance (16) . To address this problem, we compared the colchicinebinding reactions of rose, hibiscus, and carrot tubulins with that of bovine brain tubulin by the gel filtration method (29) .
Animal tubulins bind colchicine optimally at 370C (32, 33) , but because plant materials are usually treated with colchicine at ambient laboratory temperatures and because rose, hibiscus, and carrot suspension cultures are grown at room temperature (22-25°C), we chose to examine the colchicinebinding reactions at 24°C.
Preliminary binding assays of hibiscus tubulin indicated that binding equilibrium was achieved within 2 hr at 240C.
Thus, all assays were carried out at these standard conditions. The elution profiles of protein and radioactivity from the gel filtration column showed that tubulin-colchicine complex was formed by each plant preparation. As an example, the hibiscus colchicine-binding experiment is shown in Fig. 5 . (35) (36) (37) (38) (39) (40) but do cross-react with corresponding subunits of tubulins from diverse species (37) (38) (39) (40) . While it is not clear whether the antigenic determinants of each subunit are derived from primary amino acid sequence, secondary structure, or post-translational modification, the above observations indicate that regions of homology between a-and /3subunits are so highly conserved that they do not elicit immune responses readily.
Cross-reaction of each rose tubulin IgG with tubulin subunits from diverse sources (Fig. 2) shows immunological Cell Biology: Morejohn et aL similarities between these polypeptides, yet the extent of cross-reaction decreased rapidly with increased phylogenetic distance. Most cross-reactivity was seen with alga tubulin; only a very small amount of cross-reactivity with animal aand 3-subunits and a total lack of cross-reactivity with mammalian a-subunits were observed. These results suggest that the immune responses elicited in rabbits by rose tubulin subunits were predominantly directed against immunogenic de- terminants not found on animal tubulin subunits. Furthermore, the lack of rose a-IgG cross-reaction with mammalian a-subunits, its highly variable cross-reaction with plant asubunits, and higher titer than f-IgG suggest that a-subunits of diverse organisms have more antigenic differences than the /3-subunits.
We have improved the anion-exchange chromatography method for the isolation of cultured rose cell tubulin (13) such that increased tubulin purity (-85%) is obtained. Furthermore, the use of this method for the purification of tubulins from cultured cells of carrot and hibiscus indicates that anion-exchange chromatography is widely applicable for the isolation of tubulin from cultured higher plant cells. Purity for both carrot and hibiscus tubulins was -90%.
Microtubules in plant cells are 100-1000 times more resistant to colchicine treatment than are microtubules in animal cells (16) , and attempts to isolate plant tubulin by means of colchicine binding have met with failure (1, 16) . We have shown that the colchicine-binding capacities of rose, hibiscus, and carrot tubulins are different from each other and are much lower than that of brain tubulin under identical conditions, even when the temperature for the brain tubulin colchicine-binding reaction is less than optimum. Apparently the tubulins from higher plants have low colchicine-binding affinities, and it is this property that is largely responsible for the resistance of microtubules in cells to disruption by colchicine. It will be of great interest to characterize the colchicine-binding reaction of plant tubulin in greater detail, in order to compare binding kinetics, decay rates, and affinity constants for each different tubulin.
Both the drug-binding and immunological properties of tubulin are a function of its structure at some level. Thus, differences in antibody or colchicine binding between the various species examined here reflect interesting structural differences between tubulins. Although the full extent and significance of the differences are not revealed by these studies, it is clear that there are subtle structural differences among the tubulins of the plants examined, and even greater differences between them and mammalian brain tubulins. Further studies in which the amino acid sequences of several plant tubulins are compared with each other and with those of mammalian brain tubulin could be expected to show regions of similar structure that would be central to the common functions of all microtubules as well as the dissimilar regions responsible for the observed divergence.
